Background: The independent and combined effects of physical and cognitive domains of frailty in predicting the development of mild cognitive impairment (MCI) or dementia are not firmly established. Methods: This study included cross-sectional and longitudinal analyses of physical frailty (Cardiovascular Health Study criteria), cognitive impairment (Mini-Mental State Examination [MMSE]), and neurocognitive disorder (DSM-5 criteria) among 1,575 community-living Chinese older adults from the Singapore Longitudinal Ageing Studies. Results: At baseline, 2% were frail, 32% were prefrail, and 9% had cognitive impairment (MMSE score < 23). Frailty at baseline was significantly associated with prevalent cognitive impairment. Physical frailty categories were not significantly associated with incident NCD, but continuous physical frailty score and MMSE score showed significant individual and joint associations with incident mild NCD and dementia. Compared with those who were robust and cognitively normal, prefrail or frail old adults without cognitive impairment had no increased risk of incident NCD, but elevated odds of association with incident NCD were observed for robust with cognitive impairment (odds ratio [OR] = 4.04, p < .001), prefrail with cognitive impairment (OR = 2.22, p = .044), and especially for frail with cognitive impairment (OR = 6.37, p = .005). The prevalence of co-existing frailty and cognitive impairment (cognitive frailty) was 1% (95% confidence interval [CI]: 0.5-1.4), but was higher among participants aged 75 and older at 5.0% (95% CI: 1.8-8.1). Conclusions: Physical frailty is associated with increased prevalence and incidence of cognitive impairment, and co-existing physical frailty and cognitive impairment confers additionally greater risk of incident NCD.
associated with the development of cognitive decline and dementia is not well studied. The physical frailty syndrome is associated with prevalent cognitive impairment and dementia (5) (6) (7) (8) , but longitudinal studies inconsistently show it predicted cognitive decline, mild cognitive impairment (MCI), or dementia (9) (10) (11) (12) (13) (14) (15) (16) . The proposed motoric cognitive risk (MCR) syndrome, defined as the presence of slow gait and cognitive complaints in nondemented individuals, has been shown to increase the risk of developing dementia and vascular dementia (17, 18) . A related concept, "cognitive frailty" (4) defined as the simultaneous presence of both physical frailty and cognitive impairment, excluding concurrent dementia or other dementias, is also empirically supported by evidence that the addition of cognitive impairment to the CHS frailty phenotype increases its predictive validity for dementia (5) .
The individual and combined associations of physical frailty and cognitive impairment in predicting the risk of developing incident MCI and dementia, defined by DSM-5 criteria for neurocognitive disorders (NCDs), are still unclear. This was investigated in this study using population-based data from 3 years of follow-up of 1,575 adults aged 55 and older in the Singapore Longitudinal Ageing Study (SLAS). We performed cross-sectional and longitudinal analyses to test the hypotheses that (i) physical frailty was associated with a higher likelihood of prevalent cognitive impairment, (ii) physical frailty and cognitive impairment independently predicted an increased risk of incident MCI and dementia, and (iii) cognitive frailty (combined physical frailty and cognitive impairment) markedly increased the risks of developing NCD from follow-up.
Methods

Study Population
As previously described (19) , the SLAS-1 is a population-based longitudinal study of aging and health of community-dwelling Singaporeans aged 55 and older, excluding individuals who were not able to participate because of severe physical or mental disability. The cohort members were first recruited in 2003/2005 and were followed-up at approximately 3-year intervals. Baseline data included demographic, medical, behavioral, biological, psychosocial, and neurocognitive characteristics collected from extensive questionnaire interviews and assessments. The study was approved by the National University of Singapore Institutional Review Board, and written informed consent was obtained from all participants.
A total of 2,804 participants recruited in SLAS-1 included 2,611 Chinese participants interviewed at both baseline and at first followup (N = 1,734). The analytical sample in this study consisted of 1,575 Chinese participants, after excluding those with self-reported diagnoses of stroke and neurodegenerative disorders (n = 133) and with missing data on baseline frailty score (n = 73) and baseline and follow-up Mini-Mental State Examination (MMSE) scores (n = 830). Excluded participants had higher proportions of those who were male and had depressive symptoms, but did not differ in age, medical morbidities, educational level, and alcohol drinking and smoking.
Measurements
Frailty
Frailty at baseline was assessed based on criteria used in the CHS (1), with operational modifications:
1. Shrinking was defined as body mass index of less than 18.5 kg/m 2 or weight loss of 4 kg or more in the past 6 months.
2. Weakness and instability were assessed by the Performance-Oriented Mobility Assessment (POMA) battery (20) . Muscle weakness was assessed by performance on rising from chair sitting position with arms folded. Instability was assessed using standard scoring criteria (0-2) to grade sitting balance, standing balance immediately after arising, and other positions. The summed score (range: 0-16) in the lowest gender-and body mass indexadjusted quintile was used to denote weakness and instability. 3. Slowness was determined with the participant walking 6 meters and returning quickly to the starting point and denoted by gait performance scores (range: 0-12) of less than 9. 4. Exhaustion was measured by one question from SF-12 quality of life scale (21) : "Do you have lots of energy." 5. Low activity was assessed by questions on the number and frequencies of usual participation in 16 categories of activities using 3-point Likert scale for each activity, and low activity was defined as a total score below the lowest gender-adjusted quintile.
By assigning 1 point for the presence of each frailty component, a summed score was derived to categorize participants as frail (score = 3-5), prefrail (score = 1 or 2), and robust (score = 0). This modified categorical measure of the physical frailty has been shown in previous studies to predict depression, IADL-ADL dependency, hospitalization, and poor quality of life (22, 23) . We also derived a composite measure of physical frailty computed from the mean z scores converted from raw scores of the five components, with appropriate score reversals, and higher scores indicating greater frailty. The correlation of this continuous measure with the ordinal frailty measure was ρ = .60 (p < .001).
Cognitive impairment
This was determined from a score of 23 or less on the Chinese version of the MMSE, which has been validated for local use in Singaporean older adults (24) .
Neurocognitive disorders
Participants who had an MMSE score of less than 26 or an MMSE decline rate of 1 point or more per year were further assessed using the Clinical Dementia Rating (CDR) scale (25) . An expert panel of two geriatricians, one psychiatrist, and one psychiatric epidemiologist reviewed all available clinical data and made diagnosis of mild NCD (or MCI) and major NCD (or dementia) based on DSM-5 criteria. The diagnosis of mild NCD was operationally based on self or informant report of cognitive decline, impaired cognitive performance on the Rey Auditory Verbal Learning Test (26) , the Brief Visuospatial Memory Test-Revised (27) , Color Trail Test (28) , Block Design (Wechsler D) (29) , or Boston Naming (30) , and CDR = 0.5, and independence in basic activities of daily living (ADL) (31) . Diagnosis of major NCD (dementia) required a CDR of ≥ 1 and ADL disability. Incident cases of NCD were identified from among participants who were cognitively normal at baseline (MMSE score ≥ 26) and assessed at follow-up to have cognitive impairment (MMSE score ≤ 23), CDR ≥ 0.5 and satisfying DSM-5 criteria for NCD.
Covariates
Sociodemographic data included age, gender, education, and APOE-e4 carrier status. Medical comorbidity was determined from self-reports of a doctor's diagnosis and treatment of 14 specific conditions in the past year (hypertension, diabetes, high cholesterol, stroke, heart attack, atrial fibrillation, heart failure, cataracts, kidney failure, asthma, chronic obstructive pulmonary disease, arthritis, hip fracture, and other chronic conditions) and the total number of medical illnesses. Life style variables included self-reports of current smoking and daily alcohol drinking. Depressive symptoms were determined by a score of 5 or above on the Geriatric Depression Scale (GDS) (32) , which was validated for use in local Chinese, Malay, and Indian participants (33, 34) .
Analysis
As prior studies have shown a greater power to address the interrelationship of physical frailty and cognition when they are analyzed as continuous measures rather than categorical measures (11, 35) , we modeled physical frailty and cognition both as continuous variables and categorical variables and estimated their associations, singly and in combination, with MCI and dementia. Logistic regression analysis was used to estimate odds ratios (ORs) and their 95% confidence intervals (CIs) of association. To control for possible confounding effects, age, gender, education, current smoking, alcohol drinking, depressive symptoms, chronic heart failure, atrial fibrillation, diabetes, APOE-e4 carrier status, and MMSE score were included as covariates in the models. In cross-sectional and longitudinal analyses, we estimated the associations of physical frailty with prevalent cognitive impairment at baseline and incident cognitive impairment from follow-up. The predictive validity of the categorical measures of cognitive frailty construct was examined in longitudinal analyses of incident NCD (combining MCI and dementia because of the small number of dementia cases). A two-sided p value of .05 was considered as statistically significant in the study. All the analyses were performed using SAS 9.2 (SAS Institute, Cary, NC).
Results
At baseline, the mean age of the study participants was 66.0 years (±7.6 SD), 64.8% were female, and 51.3% had primary or lower education. In total, approximately 2% were frail, 32% were prefrail, and 9% had cognitive impairment ( Table 1 ). The prevalence of co-existing frailty and cognitive impairment (cognitive frailty) was approximately 1% (95% CI: 0.5-1.4). The prevalence among participants aged 75 and older was considerably higher at 5.0% (95% CI: 1.8-8.1) (Supplementary Table 2 ) The presence of prefrailty and frailty was consistent with expectedly higher rates of hospitalization, IADL-ADL disability, and poorer quality of life. Prefrail and frail participants were more likely to be older, male, less educated, and smokers. They were more likely to have medical comorbidities, cognitive impairment, and depressive symptoms than robust Table 2 , physical frailty categories at baseline, controlling for confounding variables, were significantly associated with prevalent cognitive impairment in cross-sectional analyses (prefrail vs robust, OR = 1.72; frail vs robust, OR = 7.26; p for linear trend < .001) and with incident cognitive impairment in longitudinal analyses (prefrail vs robust, OR = 2.90; frail versus robust, OR = 4.43; p for linear trend = .003). Table 2 also shows the results of longitudinal analyses of participants who were free of NCD at baseline with respect to the risk of incident NCD. No significant overall association of categorical measures of physical frailty as a whole with incident NCD was observed. On the other hand, we observed that continuous measures of physical frailty per se and cognitive function showed significant individual and joint associations with incident MCI and dementia assessed in hierarchical models (Table 3) . When both were present in Model 4, baseline frailty z score (OR = 1.49, p = .026) and MMSE score (OR = 0.85, p < .001) were independently associated with incident MCI and also with dementia (frailty z score, OR = 1.70 p = .063, MMSE score, OR = 0.78, p < .001). Compared with frailty alone (Model 3), the joint contribution of baseline physical frailty score and MMSE score (model 4) was about three times greater for incident MCI (R 2 change: .0202 vs .0059) and incident dementia (R 2 change: .0146 vs .0052).
In Table 4 , we subcategorized baseline physical frailty by the presence or absence of cognitive impairment and estimated their strengths of association with incident NCD. Prefrailty or frailty without cognitive impairment was not associated with increased incidence of NCD. The presence of cognitive impairment at baseline was associated with increased odds of incident NCD among robust (OR = 4.04, p < .001) and prefrail (OR = 2.22, p = .044) participants, but was substantially greater among frail participants (OR = 6.37, p = .005).
Discussion
In this study, cognitive impairment was more likely to be present among prefrail and frail older persons than their robust counterparts. This is in close agreement with cross-sectional studies (5, 7, 8) which uniformly show a higher prevalence of cognitive impairment among physically frail older persons. Our longitudinal analysis also showed that prefrail and frail participants overall were more likely to develop incident cases of cognitive impairment. Nearly 40% of frail older persons were cognitively impaired. These results support the notions that physical and cognitive impairments are closely intertwined and are arguably integral components of the frailty construct.
Our finding that prefrail and frail older persons appeared not to be at increased risk of developing incident NCD concurs with prior studies using the CHS physical frailty criteria (5,15) that tended not to show such a positive association. There are several explanations for this. Among different studies, a heterogeneous age and cognitive profile of frail study participants and different operationalization of frailty may tend to generate mixed results. For example, a higher representation of cognitive impairment in a selected study sample of very frail older persons may increase the likelihood of observing an overall association of frailty with dementia risk, and vice versa. The presence of nonspecific domains that operationally define CHS Notes: 95% CI = 95% confidence interval; CDR = Clinical dementia Rating; MMSE = Mini-Mental State Examination; NCD = neurocognitive disorder; OR = odds ratio.
Cognitive impairment was denoted by MMSE ≤ 23.
Variables adjusted in the model were age, gender, education, diabetes, heart failure, atrial fibrillation, current smoking, alcohol drinking, APOE-e4 carrying status, and depressive symptoms. Participants in longitudinal analyses were free of cognitive impairment (MMSE ≤ 23) or NCDs at baseline (MMSE ≤ 23 and CDR ≥ 0.5). † n1, the number of participants with prevalent cognitive impairment or NCD in each category of frailty; n2, the total number of participants in each category of frailty. ‡ n1, the number of participants with incident cases of cognitive impairment and NCD in each category of frailty; n2, the total number of participants free of cognitive impairment or NCD in each category of frailty.
physical frailty may reduce its power to predict future risk of MCI and dementia; indeed, a number of studies have shown that specifically gait performance, a core criterion of the CHS frailty definition, predicts dementia (36, 37) . Investigators have also pointed out that the categorical measure of frailty may lack statistical power for detecting such an association (11, 35) . Prior studies that instead used a continuous measure of the CHS frailty syndrome have shown significant associations between frailty score (independently of cognitive score) and incident MCI (11) or strong correlations between the rates of change of frailty and cognition (35) . The increased power from using a continuous measure of frailty and cognition was also evidenced in this study by observing that higher physical frailty score at baseline was significantly associated with increased risk for incident MCI and dementia. We found that the co-occurrence of cognitive impairment increased incrementally the risks of incident NCD for robust, prefrail, and frail participants. The increased risk of developing incident NCD was substantially highest (OR = 6.37) among participants with physical frailty and cognitive impairment. Also, the combined predictive power of frailty score and MMSE score was markedly increased than frailty score alone for both incident MCI and dementia. Two other studies (5, 15) have also shown that the risk of developing dementia in frail older persons was only significantly greater among those with cognitive impairment at baseline. Our results are consistent with studies showing that the MCR, a predementia syndrome characterized by slow gait and cognitive complaints, predicted increased risk of cognitive impairment and dementia (5, 17) . These data suggest that cognitive impairment among frail older persons may exacerbate their vulnerability to cognitive decline and risk of developing dementia (4).
The early identification of persons with both frailty and cognitive impairment may represent a step forward in defining a cognitive premorbid entity in strategies to prevent or delay the onset of dementia. However, the utility of this construct in clinical or population settings should be determined by both its power in predicting NCD and its prevalence. Co-existing frailty and cognitive impairment was associated with six times increased likelihood of NCD, but in this study, the wide confidence interval surrounding the effect estimate and its low prevalence of less than 1% suggests a limited clinical utility. However, the younger age of this cohort of community-living older persons (mean age = 66 years) should be noted; the prevalence of cognitive frailty was higher at 5% among those aged 75 and older. In other studies, the prevalence of a similar construct, the MCR syndrome, is also shown to be higher at 10.6% in persons aged 75 and older (18) . Higher prevalence among patients in clinic, hospital, and institutional settings may also be expected. We have limited sample size for meaningful hypothesis testing in the very old in this study. Hence, the clinical utility of the cognitive frailty construct cannot be unequivocally supported in this study, but it should be further investigated in more studies undertaken independently by other investigators in older populations.
The link between frailty and cognitive impairment and dementia risk may be explained by common etiopathogenetic mechanisms. There is clinical pathological evidence that physical frailty is associated with neuropathological markers of Alzheimer's disease, microinfarcts, and nigral neuronal loss in older persons with and without dementia (38) . However, AD pathology accounted for only a small percentage of the variance in frailty in that study. Frailty is a complex syndrome of multisystem depletion of physiological reserve, including brain and cognitive reserve. Cognitive frailty may represent a state of reduced brain neurophysiological reserves (brain frailty) that Notes: 95% CI = 95% confidence interval; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; NCD = neurocognitive disorder; OR = odds ratio.
Covariates included age, gender, education, diabetes, heart failure, atrial fibrillation, current smoking, alcohol drinking (included only for MCI), APOE-e4 carrying status, and depressive symptoms. is related to both the appearance of neurodegenerative and vascular diseases and also to the appearance of physical frailty (39) . A limitation of this study is the relatively young age of this cohort and the small number of cases of participants with frailty (n = 29) who developed NCD (n = 9). Hence, the null findings due to the study being underpowered to show statistical significance should be noted. We were also restricted by the small number of participants with NCD to perform subgroup analyses, and by incomplete time-to-event data for survival analysis. The Chinese version of the MMSE cutoff of 23 used in this study has good sensitivity (97.5%) and specificity (75.6%) for dementia diagnosis (24) . However, it has lower specificity (57%) in low education groups and probable misclassification of cases as NCD should be noted.
A possible drawback in interpreting the data is that a reverse association between cognitive frailty and dementia cannot be excluded because the prodromal symptoms of dementia may develop years before diagnosis and possibly co-occur with or cause frailty. Hence, a longer follow-up of this cohort may clarify this relationship by excluding patients with dementia at initial years of follow-up. However, we demarcated MCI based on DSM-5 criteria for minor NCD as the study outcome. Although this may not completely eliminate the problem of conflating symptoms, the results should be particularly meaningful in determining the risk of developing dementia beginning with its prodromal phase. Another limitation is the unavailability of follow-up data to allow for the estimation of rates of change in frailty and cognition. Prior studies suggest that the rate of change is more sensitive and robust in predicting such adverse health outcomes (34) .
The measure of CHS frailty was based on the same criteria used in the original formulation by Fried and colleagues but was operationally modified for measures of weakness and slowness. Instead of conventional measures of grip or lower limb strength or gait speed, we used POMA subscales of chair rise and gait stability, which do not specifically measure only muscle weakness and slowness but includes instability as well. We have shown in previous studies that this modified CHS physical frailty index predicts depression, IADL-ADL dependency, hospitalization, and poor quality of life (22, 23) . In a second more recent SLAS cohort (SLAS-2) (n = 2,889), which also used measures of knee extension strength and fast gait speed, we have also found that the modified CHS frailty index has good agreement (weighted kappa was 0.63) with the original CHS index and was equally and strongly predictive of adverse health outcomes (Supplementary Tables 1  and 2 ). This modification of the physical frailty construct emphasizes motoric functions and makes it more akin to the MCR construct. Future studies may consider better specifications of physical frailty components that are more predictive of future MCI and dementia risks.
In conclusion, physical frailty is associated with increased prevalence and incidence of cognitive impairment, and co-existing physical frailty and cognitive impairment confers an additional greater risk of incident NCD. Our findings provide a limited measure of empirical support to the cognitive frailty construct as a potential premorbid entity that may increase vulnerability to developing dementia. Further studies are needed to better define its clinical utility in different populations and settings.
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